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Abstract. Methods for understanding the fundamental mechanisms
of laser photothermal imaging are described and applied to model
imaging media. The light response is characterized with a series of
Gaussian laser pulses of varying intensities and durations. The re-
sults are compared to a reference model, the “local fluence” model,
that assumes the likelihood of exposure at a given pulse duration
depends solely on the laser fluence received at that location. The
mechanisms underlying the material behavior are studied with time-
resolved microscopy using a variety of exposure and viewing con-
ditions. The imaging media have in common a silicone rubber
(polydimethylsiloxane) coating that can be removed by a single la-
ser pulse to form an imaged spot that attracts ink. They differ in
having a thin-film absorber layer, a volume absorber layer, or a com-
bination of volume absorber and energetic underlayer. The thin-film
media are the least sensitive with longer duration microsecond
pulses but the most sensitive with nanosecond pulses, which is ex-
plained using a thermal conduction model. The volume absorbing
media show deviations from the local fluence model that indicate the
existence of useful dot gain properties which improve sensitivity.
Time-resolved microscopy shows that this dot gain results from
high-speed mechanical effects caused by hot gas trapped under a
silicone rubber balloon. © 2006 Society for Imaging Science and
Technology.
�DOI: 10.2352/J.ImagingSci.Technol.�2006�50:5�401��

INTRODUCTION
Laser photothermal imaging media exhibit an intrinsic non-
linear (nonreciprocal) response to light. This response is the
origin of two important properties, the insensitivity of these
media to ambient light,1–5 and the sharp exposure threshold
needed for digital imaging. However, a nonlinear response
complicates the characterization and optimization of photo-
thermal imaging media. We have studied photothermal im-
aging media in several previous works, where we introduced
a time-resolved microscopy technique,6,7 made detailed mea-
surements of the fluence threshold,8 studied the pulse dura-
tion dependence of this threshold,9 and investigated the ef-
fects of incorporating energetic materials.10 In the present
work, we have made substantial improvements in the time-
resolved microscopy technology that lets us watch the imag-
ing process in real time with unprecedented detail. We have

combined this time-resolved microscopy technology with
analysis techniques that involve detailed measurements of
imaging thresholds using Gaussian profile laser pulses that
span a wide range of pulse durations and pulse intensities, in
order to investigate the fundamental mechanisms of photo-
thermal imaging media. This powerful suite of analytical
tools is well suited to elucidate the fundamental mechanisms
of any laser-addressable imaging media, which is illustrated
here using model systems that draw on elements used in
Presstek, Inc.’s PEARL™ dry offset lithographic imaging
technologies.8,11–13

The techniques used here involve first measuring the
size of imaged spots in sample media exposed to a series of
imaging pulses of different intensities and
durations.6,8–10,14,15 This information is used to determine a
threshold fluence Jth that in general depends on the laser
intensity and pulse duration. The measured thresholds are
compared to a standard model termed10,16 the “local fluence
model.” This model assumes that the likelihood of exposing
any location within the laser beam depends solely on the
fluence at that location. The actual results will no doubt
deviate from this standard model when the intensity and
duration are varied over a wide enough range. In the main,
these deviations can be characterized as resulting from
nonreciprocity or dot gain. Nonreciprocity means that the
threshold depends not only on fluence, that is number of
photons received per unit area, but also on intensity, that is
the rate of photons received per unit area. Dot gain means
that the imaged spot is larger than expected on the basis of
the standard model. Dot gain with Gaussian profile pulses
typically results from nonlocal effects that transfer some of
the wasted energy at the beam center to the edges. Both
nonreciprocity and dot gain can be exploited to improve the
sensitivity of imaging media. An understanding of the fun-
damental mechanisms underlying these effects can be en-
hanced by time-resolved microscopy of the laser exposure
process.6 High speed, stop-action images obtained with time
resolution comparable to or better than the duration of the
imaging pulse yield detailed information about the response
of the imaging media to a laser,17 which provide feedback
needed for systematic improvement of the imaging media.

It is also useful to understand how an imaging medium
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responds to a range of laser irradiation conditions,9 because
there are many different types of imaging engines in use
today with different laser intensities, pulse durations, spot
sizes, etc. For instance one engine might use a bank of solid
state diode lasers while another might use a single high
power laser such as a fiber laser. Even if both engines deliver
the same optical power (e.g., both engines deliver 30 W), the
multibeam diode engine exposes materials to lower intensity
longer duration pulses whereas the single beam engine ex-
poses materials to higher intensity shorter duration pulses.
Although this distinction would be unimportant for truly
reciprocal materials such as silver halide films, the optimal
design of a photothermal imaging material may be quite
different for these radically different irradiation conditions.

In this paper three types of imaging media are investi-
gated. One type denoted TF/A uses a thin-film absorber
layer. A second type denoted V/A uses a volume absorber
layer. The third type denoted V/A/E combines the volume
absorber with an energetic underlayer. Here we focus on
media response to laser beams having a Gaussian radial pro-
file. Although this situation can be somewhat more compli-
cated than top-hat beams with constant intensity profiles,
many lasers deliver this type of beam. The optical engineer-
ing involved2,16 turns out to be not overly complicated. Fur-
thermore, with a Gaussian beam, a medium is exposed to a
wide range of intensities on a single laser shot, which pro-
vides a great deal of information.

The rest of this paper is organized as follows: (1) a
model for the interaction of a medium with a Gaussian
pulse; (2) a description of our time-resolved microscopy ap-
paratus; (3) a description of the imaging media used here;
(4) results of threshold measurements and time-resolved mi-
croscopy; (5) discussion; and (6) conclusion.

INTERACTIONS WITH GAUSSIAN BEAMS
In interpreting Gaussian exposure experiments we begin
with a “local threshold approximation”10,16 reference model.
Whether a given location becomes imaged is assumed to
depend solely on whether or not that location received a
threshold fluence Jth.

The laser pulse has a Gaussian spatial profile, character-
ized by a �1/e2� beam radius r0. Each single pulse irradiates
the imaging medium with a range of fluences J�r�, that de-
creases radially outward from the beam center, as shown in
Fig. 1(a). The pulse is usually characterized by a spatially
averaged fluence parameter Javg=Ep / ��r0�2, where Ep is the
laser pulse energy. In terms of this parameter J�r� is given by

J�r� = 2Javg exp�−
2r2

r0
2 � . �1�

Note the peak fluence at the beam center is exactly twice
the average, J�0�=2Javg. Threshold measurements are made
at fixed beam radius r0 by exposing the medium to a suc-
cession of pulses having increasing energies Ep.2,6,15 Usually
we use three pulses at each energy, which allows us to check
for the possibility of an erroneous result due to laser flicker
or media imperfections. At a critical value of Ep termed Eth,

the fluence J�0� at the beam center exceeds Jth and an infini-
tesimal spot becomes exposed. Above Eth the spot size in-
creases monotonically with pulse energy Ep. The exposed
spot area S is a circular region [see Fig. 1(a)] with spot
radius rs,

10

S = �rs
2 = 0, J�0� � Jth,

S = �rs
2 =

�r0
2

2
ln� J�0�

Jth
� =

S0

2
ln� J�0�

Jth
�, J�0� � Jth,

�2�

where S0 is a beam area parameter, S0 =�r0
2. Equation (2)

shows that the exposed spot area grows logarithmically with
increasing fluence above threshold. There are many tools for
measuring laser pulse energy Ep, whereas determining flu-
ence J�r� or J�0� is more complicated since both the energy
and the beam profile must be known, so it is useful to write
Eq. (2) in terms of Ep. Above threshold

S = �rs
2 =

S0

2
ln� Ep

Eth
� =

S0

2
ln� 2Ep

JthS0
� . �3�

Determining the exposure fluence by trying to find the flu-
ence that makes an infinitesimal spot is not very accurate.18

Equation (3) shows that a plot of the exposed area S versus
ln�Ep� should be linear. This line should cross the abscissa
�S=0� at Eth. Thus it is better to determine Eth by measuring
spot areas over a range of pulse energies and using linear
least-squares methods to fit the data. With this method the
determination of Eth acquires additional accuracy since it is
determined not by a single measurement of an infinitesimal
spot, but instead by extrapolation from many measurements
of spots with finite areas.10 To convert Eth into Jth requires a
knowledge of the beam area �r0

2. However, Eq. (3) shows
that the slope of the line is S0 /2=�r0

2 /2. Thus the threshold
fluence,

Figure 1. �a� A Gaussian radial profile pulse with radius r0=24 �m, in
combination with a sharp exposure threshold, produces imaged spots
whose area S increase with pulse energy Ep above threshold. The darker
region is the energy above threshold that is wasted. �b� Data obtained
with Ti thin films on glass substrates at indicated pulse durations. In the
local-fluence model the slope is equal to �r0

2/2. The intercept with the x
axis gives a threshold energy Eth. The dashed lines are used to estimate
the error in determining r0.
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Jth = Eth/slope = 2Eth/��r0
2� , �4�

is equal to the energy Eth where the line crosses the abscissa
divided by the slope of the line.10

With media that obey Eqs. (2), there is a point of maxi-
mum efficiency.10,18 Imagine a beam focused to an area S0

on an imaging medium. When Ep �Eth then S=0 and there
is no imaged spot, which is wasteful. As Ep passes through
Eth, a spot appears and the imaged area S increases rapidly
with increasing Ep. But when Ep is large enough, as shown
by Eq. (3), S levels off and further large increases in Ep

increase S only by small amounts, which is again wasteful.
By taking the derivative of S with S0, the point of maximum
efficiency is found to occur when Ep = �e1�Eth

= �2.718. . . �Eth and S=�r0
2 /2=S0 /2.18 At the point of maxi-

mum efficiency, the ratio of (wasted energy)/(total energy) is
a minimum.

Figure 1(b) shows examples of data obtained with this
technique, using a model imaging medium consisting of a
�30 nm layer of Ti sputtered onto a glass substrate. This
simple imaging medium has previously been shown to be-
have ideally,10,19,20 in the sense that it accurately obeys Eq.
(4) for pulse durations in the 10 ps–100 �s range. However,
the imaging threshold Jth does depend a great deal on the
laser intensity. At higher laser intensities, the media can be
exposed by shorter duration pulses in such a manner that
the exposure threshold fluences decrease as the pulse dura-
tion is reduced. Thus within this range the material evi-
dences local but nonreciprocal behavior. Outside this range
deviations from Eq. (4) can be observed. With pulses shorter
than 10 ps, nonlinear optical effects come into play. With
pulses longer than 100 �s, thermal conduction in the radial
direction becomes important.

The Gaussian beam diameter has been determined
through independent measurement, by scanning a razor
blade across the focal plane, to be r0 =24 �m. At each pulse
duration, the linear relation predicted by Eq. (4) is observed.
The slope at each pulse duration is identical, but the inter-
cept at Eth decreases markedly with decreasing pulse dura-
tion. A linear least-squares fit to the 100 ns data gives an
area S0 /2=893 �±16� �m2, corresponding to a beam radius
r0 =23.9�±0.2� �m. The bracketing lines in Fig. 1(b) indi-
cate the sensitivity of this method to r0. The 100 ns thresh-
old energy Eth=1.11 �±0.05� �J, giving a threshold fluence
�100 ns� Jth=124 �±6� mJ/cm2. Decreasing the pulse dura-
tion to 1 ns reduces the threshold by a factor of 2. Increasing
the pulse duration to 10 �s increases the threshold by a
factor of 7.

THRESHOLD MEASUREMENTS
Threshold measurements were made using a single-
transverse mode Nd:yttrium-aluminum-garnet (YAG) laser
at 1.064 �m wavelength. The pulse durations were 100 ns,
2.5, and 10 �s. The nanosecond pulses were generated using
an intracavity Q switch. The microsecond pulses were gen-
erated using an extracavity pulse slicer. Pulse energies were
measured with a pyroelectric Joule meter. To check the pulse
energies, we also measured the laser power at a known rep-

etition rate using a power meter. Samples were placed in the
microscope and spots were imaged at a series of pulse ener-
gies. After cleaning the imaged samples with lens tissue wet-
ted with methanol, the spot areas were measured by digital
video microscopy.

MICROSCOPY APPARATUS
The microscopy apparatus diagrammed in Fig. 2 has been
described previously,6,8,17 but we have introduced a few im-
provements worth mentioning. The previous version used a
camera and frame grabber that supported only interlaced
image acquisition. Since stop-action images are acquired in a
single shot, one-half of the lines were blank which degraded
the image quality. A new video camera (JAI CV-A11) and
frame grabber (National Instruments NI PCI-1407) are now
used that support noninterlaced images. Since this frame
grabber also supports external triggering, the home built
timing and delay generator was modified as well. The
subnanosecond strobe pulse is transmitted to the micro-
scope using a 100 �m diameter multimode optical fiber.
The fiber makes it possible to change the position and in-
tensity of the strobe pulse easily. Owing to this improve-
ment, we have been able to evaluate a number of different
exposure and detection schemes.

The stop-action images are acquired during a
subnanosecond time interval which is determined by the
strobe pulse duration. To obtain these, the following proce-
dure was used. The near-infrared (IR) imaging laser at
1.064 �m, the N2-pumped dye-laser strobe at 500 nm, and
the frame grabber are triggered at a repetition rate of 10 Hz.
The delay generator chooses the near-IR pulse duration and
the relative delay between the imaging and strobe pulses.
There is a nanosecond time scale jitter between these two
pulses. Although we cannot predict the exact time interval
between pulses to better than a few tens of nanoseconds, we
can measure this interval accurately by recording the pulses
on a fast digital oscilloscope. An electronic shutter in the
path of the imaging laser beam is closed. In the absence of
imaging pulses, the imaging media can be positioned so that
the strobe gives a high-quality image on the computer moni-

Figure 2. Block diagram of the time-resolved microscopy apparatus. BS:
beam splitter; PD: photo diode; DO: digital oscilloscope; PS: pulse slicer;
Sh: electronic shutter.
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tor. Then an enable button is pushed which opens the shut-
ter for a single imaging pulse while commanding the com-
puter to save this image only. The shutter is then closed and
the sample is translated to a fresh spot for the next image.

As depicted in Fig. 3, seven different imaging schemes17

were used. The schemes denoted 1–5 involve the imaging
pulse incident directly on the coating (“front-side expo-
sure”). Schemes 6 and 7 (“backside exposure”) are possible
only for imaging media coated onto transparent substrates.
Front- and backside exposure might produce quite different
responses for a variety of reasons, including the effects of
debris ejected from one surface during exposure and the
different distribution of heat in the various layers if the ab-
sorber is optically thick. The seven imaging geometries are:
scheme 1: front exposure, probe upon coating, transmission
image through substrate; scheme 2: front exposure, probe
upon substrate, transmission image through pellicle; scheme
3: front exposure, probe upon coating, reflection image;
scheme 4: front exposure, probe upon coating, Schlieren im-
age; scheme 5: front exposure, probe upon coating,
shadowgraph image; scheme 6: backexposure, probe upon
coating, reflection image; and scheme 7: backexposure,
probe upon substrate, transmission image.

In schemes 1, 2, and 3 the coating is observed through
an aberration inducing intervening optical element, either a
thin dichroic pellicle beamsplitter (National Photocolor,
Inc.) that reflects the imaging pulses while transmitting the
green strobe pulse, or a transparent substrate. In scheme 4,
the image is dark unless the coating moves off the substrate
and scatters strobe light into the objective to creating a
bright image. In scheme 5 the image is bright unless the
moving coating shadows the strobe beam. The shiny Ti layer
or the glossy substrate surface acts as a mirror, so in schemes
4 and 5 an image and its mirror reflection are observed. The
field of view is chosen so that only a small part of the mirror
image is seen in the frame at the far left-hand side.

IMAGING MEDIA
The three types of media used here are depicted schemati-
cally in Fig. 4. All consist of a poly(ethylene terpthalate)
(PET) substrate, an absorber layer and an imaging layer of
polydimethyl siloxane [(PDMS) or silicone rubber] [Figs.
4(a) and 4(b)]. The PDMS imaging layer repels ink
(oleophobic) and water. Irradiation by a single focused
near-IR pulse (typical exposure sources are Nd:YAG or fiber

lasers in the 1 �m wavelength range or diode lasers in the
0.8–0.97 �m wavelength range) causes the PDMS layer to
lose adhesion [Fig. 4(c)] to the absorber layer. The exposed
region is cleaned with a cloth or brush [Fig. 4(d)], leaving
behind an ink-attracting (oleophillic) well [Figs. 4(e) and
4(f)]. Exposing the media to a series of pulses in an image-
wise manner creates a plate used for dry offset lithographic
printing.8,12

Thin-Film Absorber (TF/A)
We have studied this material (also termed the “basic imag-
ing media”10) extensively in previous works.7–10,16,18,19 As de-
picted schematically in Fig. 4(a), it consists of a clear PET
base with a thin layer Ti absorber deposited by sputtering.
The thickness of the Ti layer is adjusted to optimize optical
absorption in the near-IR. Measurements of the Ti content
are consistent with a layer whose mean thickness is 30 nm.
The PDMS imaging layer is deposited with a coverage of
2 g/m2 for a nominal thickness of 2 �m.

Volume-Absorbing Media (V/A)
The clear PET base has an adhesion promoting treatment on
one side [Fig. 4(b)]. The volume absorber11 coated on this
side consists of carbon black in nitrocellulose with a small
amount of melamine crosslinker at a coverage of 1 g/m2.
The PDMS imaging layer again has a nominal thickness of
2 �m.

Volume/Energetic Media (V/A/E)
These media have the same structure as the volume-
absorbing media described above, except an additional ener-
getic layer13,21,22 is deposited between the volume absorber
and the substrate [Fig. 4(b)]. The energetic layer consists of
an acrylic polymer with a melamine crosslinker coated at a
coverage of 2.5 g/m2. Although we do not think of acrylics
as being energetic in the sense of high-energy content self-
oxidizing polymers such as nitrocellulose, acrylics are ca-

Figure 3. Seven schemes for time-resolved imaging. The solid arrows
denote the imaging pulses and the dashed arrows denote the strobe
probe pulses. The seven columns in Figs. 6–14 show corresponding re-
sults obtained with each scheme. In schemes 1–5 the imaging media is
exposed on the coating �front� side, in schemes 6 and 7 on the transpar-
ent substrate �back� side.

Figure 4. Compositions of imaging media with TF/A, with V/A consist-
ing of carbon black and nitrocellulose �CB+NC�, and with V/A/E on
PET substrates. The films are imaged when laser pulses heat the absorber
layer to a high temperature Tth that causes the PDMS coating to debond,
creating a well that attracts ink.
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pable of exothermic chemistry and gas evolution in response
to heat or shock. In previous work10 we have shown that
with nanosecond laser pulses acrylic underlayers actually
generate more hot gas than nitrocellulose.

RESULTS
Imaging Thresholds
Figure 5 summarizes the threshold exposure data for three
imaging media with three pulse durations, plotted as imaged
area S versus log10�pulse energy Ep�. These plots are to a
good degree linear for all media at all pulse durations. The
solid lines in Fig. 5 are linear least-squares fits to the data.

This figure has several interesting features:

1. With the longer-duration pulses, the slopes are quite
close to the value predicted by Eq. (3) for a Gaussian
beam 24 �m in diameter. The dotted lines in Fig. 5
have the predicted slope.

2. As the pulse duration is decreased, the slope for the
TF/A media remains constant, but the slopes for the
V/A and V/A/E media increase.

3. The exposure threshold energy Eth decreases with
increasing laser intensity in such a manner that
shorter duration pulses expose imaging media with
lower threshold fluences.

4. The TF/A media are the least sensitive with 10 �s
pulses but the most sensitive with 100 ns pulses.

5. The V/A/E media are always slightly more sensitive
than the V/A media.

Tables I and II summarize these results. Table I lists the
laser beam radii extracted from the slopes in Fig. 5. These
radii range from 23 to 30 �m, compared to the indepen-
dently measured value of 24 �m. Of course the laser beam
radii would not be affected by the choice of imaging media.

Values other than 24 �±1� �m should be regarded as effec-
tive radii that emerge as a result of the dot gain properties of
the imaging media.

Table II lists exposure thresholds. The threshold energy
Eth is the energy where the linear fits intersect the x axis. The
threshold Jth is computed using Eq. (4), as the ratio
Eth/slope. The threshold Jth� is computed using the actual
beam radius of 24 �m,

Jth� = 2Eth/�� � �24 �m�2	 . �5�

Time-Resolved Images
A dilemma is what pulse energy to use for the imaging ex-
periments to facilitate interpretations and comparisons. One
possibility is to use the same pulse energy for all media and
all pulse durations. Another possibility is to always use
pulses at the point of greatest efficiency (or some multiple of
this pulse energy). With the first choice the more sensitive
media will be much further above threshold than the less
sensitive media. With the second choice, we will need to
compare images obtained with quite different pulse energies.
Since we found that pulses somewhat above the point of
greatest efficiency provided a richer range of observable be-
havior, the procedure used here was to find the average Jth

for all media at a given pulse duration and then fix the pulse
energy at a value approximately twice the point of greatest
efficiency averaged over the different media. Images obtained
with 10 �s pulses used Ep =16 �J, with 2.5 �s pulses Ep

=9 �J, and with 100 ns pulses Ep =3.5 �J.
Image streams are presented for three media with three

pulse durations in Figs. 6–14. Each image stream was ob-
tained using the seven different geometries described in Fig.
3. Each frame is 170 �m wide by 125 �m tall.

Thin-Film Absorbing Media (TF/A)
Images of the thin-film absorbing media are shown in Figs.
6–8. The Ti layer absorbs �50% of the incident light, re-
flects �30% and transmits �20%. Columns 1, 2, and 7
show transmission images. Comparing columns 1, 2, and 7
shows that the substrate and the pellicle have little adverse
effect on the image. The PDMS layer is transparent but the
Ti absorber attenuates transmitted light by a factor of about
5, so when the absorber layer melts or boils away, the trans-
mitted light increases by �5 and the images show a bright

Figure 5. Imaging threshold data for three types of photothermal imaging
media using pulse durations 100 ns, 2.5, and 10 �s. The dotted lines
have the slope expected for media that obey the local-fluence model.
With shorter-duration pulses, the V/A and V/A/E media evidence larger
slopes that indicate the presence of useful dot-gain mechanisms at higher
pulse energies.

Table I. Laser beam radii �r0� computed from the slope of exposed spot area versus
pulse energy.

100 ns 2.5 µs 10 µs

Thin-film absorber
TF/A

25 µm 22 µm 23 µm

Volume absorber
V/A

29 µm 25 µm 23 µm

Volume absorber+
energetic V/A/E

30 µm 28 µm 24 µm
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spot. Similarly, Ti absorber removal leads to a dark spot in
the reflection images in columns 3 and 6, due to loss of
mirror reflection.7

Microsecond Pulses
In Figs. 6 and 7, the diameter of the bright spot in the
transmission images (columns 1, 2, 7) and the dark spot in
the reflection images (columns 3, 6) that denotes Ti layer
removal grows with time. It takes material at the outer re-
gions of the Gaussian beam a longer time to accumulate
enough fluence to melt Ti, so a melt front expands radially
as time increases during the pulse. Due to surface tension,
the melted Ti recedes outward. The recession of melted Ti
with microsecond pulses is apparently fast enough to keep
up with the radial expansion of the melt front. The reflection
images show a textured annular region in the coating sur-

rounding the dark spot. The Schlieren and shadow images
(columns 4, 5) show that this region is actually the base of
an expanding balloon of PDMS. Recall that a double image
is seen in these geometries, so ignore the image of material
to the left of the base of the balloon. The volume of the
balloon at its maximum is a measure of how much gas has
evolved due to thermal decomposition of the PDMS coating
at the PDMS-Ti interface. This volume is approximately
equal for both 10 and 2.5 �s pulses, even though Ep is about
one-half as much with the shorter pulses. This observation is
explained by the thermal conduction model9 discussed
below.

Nanosecond Pulses
Significantly different behavior is seen in Fig. 8 where nano-
second pulses are used. Figure 8, column 2 at t=50 ns indi-
cates that there is boiling or ablation of the Ti layer. Quite a
bit more gas is evolved with nanosecond as opposed to mi-
crosecond pulses, as seen by the much greater balloon vol-
ume in Fig. 8, columns 4, and 5.

Figure 6. Time-resolved micrographs of the TF/A irradiated by 24 �m
radius 16 �J pulses of 10 �s duration. The seven columns represent the
seven schemes depicted in Fig. 3. Columns 1–5 use front-face exposure,
6 and 7 use backface exposure. Columns 1, 2, and 7 are transmission
images, columns 3 and 6 are reflection images, column 4 is a Schlieren
image, and column 5 is a shadowgraph. The image at far left in columns
4 and 5 is an artifact due to mirror-image reflection. Each frame is
170 �m wide by 125 �m tall.

Figure 7. Time-resolved images of the TF/A irradiated by 9 �J pulses of
2.5 �s duration. Each frame is 170 �m wide by 125 �m tall.

Table II. Threshold energies Eth and fluences Jth

100 ns 2.5 µs 10 µs

Eth
�µJ�

Jth
�mJ/ cm2�

J�th
�mJ/ cm2�

Eth
�µJ�

Jth
�mJ/ cm2�

J�th
�mJ/ cm2�

Eth
�µJ�

Jth
�mJ/ cm2�

J�th
�mJ/ cm2�

Thin-film
absorber TF/A

0.34 35 38 1.9 250 210 4.3 520 480

Volume
absorber V/A

0.74 56 82 1.8 180 200 2.4 290 270

Volume
absorber+
energetic

V/A/E

0.68 48 75 1.7 140 190 2.2 240 240
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Volume Absorbing Media (V/A And V/A/E)
With these media, as shown in Figs. 9–14, the absorber layer
is black and �1 �m thick. Transmission images (columns 1,
2, 7) see a grainy patina due to the carbon black particles in
the absorber. Since the absorber layer is black and it is a
poor reflector, its removal is signified by a bright spot in
transmission. However, in the reflection images, a dark spot
may appear when the shiny PDMS layer begins to balloon
even if the absorber layer is still present (e.g., column 3, t
=50 ns in Fig. 11).

Microsecond Pulses
As with the TF/A media, with microsecond pulses a bright
spot that increases in diameter is seen in transmission in
Figs. 9 and 10 and Figs. 12 and 13. However, the bound
carbon black layer does not melt and recede. Instead the
binder vaporizes and the vapor carries the nonvolatile car-

bon black away, so the expansion of the bright spot is not
caused by a receding melt front but by an expanding vapor-
ization zone. The Schlieren and shadow images show that
the PDMS balloon expansion is much greater than with the
TF/A media. Presumably this is due to extra vapor created
by thermal decomposition of the nitrocellulose in the V/A
media and the nitrocellulose and acrylic polymers in the
V/A/E media not present in the TF/A media. This additional
vapor creates an internal pressure that exceeds the bursting
strength of the PDMS balloon.10 A hole is formed in the
balloon and the gaseous products escape. Once the balloon
bursts, the PDMS layer collapses back onto the substrate.
The V/A and V/A/E behavior appears to be quite similar.

Nanosecond Pulses
With nanosecond pulses (Figs. 11 and 14), the volume ex-
pansion of the PDMS balloon is much greater than with

Figure 9. Time-resolved images of the V/A irradiated by 16 �J pulses of
10 �s duration. Each frame is 170 �m wide by 125 �m tall.

Figure 11. Time-resolved images of the V/A irradiated by 3.5 �J pulses
of 100 ns duration. Each frame is 170 �m wide by 125 �m tall.

Figure 8. Time-resolved images of the TF/A irradiated by 3.5 �J pulses
of 100 ns duration. Each frame is 170 �m wide by 125 �m tall.

Figure 10. Time-resolved images of the V/A irradiated by 9 �J pulses of
2.5 �s duration. Each frame is 170 �m wide by 125 �m tall.
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microsecond pulses. The vapor inside the balloon exceeds
the bursting strength by so much that the balloon is literally
ripped to shreds.

DISCUSSION
The TF/A medium exhibits a remarkable decrease in Jth by a
factor of almost 15 as the pulse duration is decreased to
100 ns. The slopes of the S vs Ep lines in Fig. 5 are the same
at all pulse durations and are always consistent with the local
fluence model so the dot gain is always unity. Thus this
material evidences local but nonreciprocal behavior. The ex-
posure mechanism does not change in a fundamental way as
the pulse duration is decreased. However, a similar result is
observed with less energy input when the pulse duration is
shorter, which suggests nonreciprocal behavior results from
the dissipative effects of thermal conduction being overcome
by the higher intensities of the shorter pulses.9 With nano-

second pulses somewhat more gas is evolved, and boiling is
observed in the Ti layer, but these effects appear incidental
rather than significant. The PDMS balloon never pops. The
boiling occurs in the center of the absorber layer where the
PDMS coating has already become detached, so it has no
effect on the exposure process.

The V/A and V/A/E media show a lesser sensitivity to
pulse duration, with Jth decreasing by just a factor of 5 in the
pulse duration range studied here. The fundamental mecha-
nisms of image formation seem to change as the pulse du-
ration is shortened. With shorter pulses the slopes of the S vs
Ep lines in Fig. 5 increase, indicating that dot gain is greater
than unity at higher pulse energies in the shorter pulse re-
gime. The time-resolved images associated with this regime
show more gas being evolved and the PDMS balloon is ob-
served to expand and burst with increasing violence.

PULSE DURATION (NONRECIPROCAL) EFFECTS
As shown in Table II, all three imaging media become more
sensitive as the pulse duration is decreased, but the effect is
most dramatic with TF/A media. Using a thermal conduc-
tion model developed previously,9 we now show that the
larger nonreciprocal effect in this medium is a consequence
of the relationship between its much thinner absorber layer
and the higher laser powers associated with shorter pulse
durations. The model was derived using the assumption that
a medium becomes imaged when the absorber layer reaches
a critical threshold temperature Tth.

As depicted in Fig. 15, during laser exposure there is a
competition between laser heating and thermal conduction
from the absorber layer of thickness �0 into the substrate. A
one-dimensional thermal conduction geometry is assumed
because 2r0 ��0, that is to say the imaged spot diameter is
much greater than the layer thickness.9 During a pulse of
duration tp, heat in the absorber layer diffuses into the sub-
strate a distance equal to the thermal diffusion length ��t�,

Figure 13. Time-resolved images of the V/A/E irradiated by 9 �J pulses
of 2.5 �s duration. Each frame is 170 �m wide by 125 �m tall.

Figure 12. Time-resolved images of the V/A/E irradiated by 16 �J
pulses of 10 �s duration. Each frame is 170 �m wide by 125 �m tall.

Figure 14. Time-resolved images of the V/A/E irradiated by 3.5 �J
pulses of 100 ns duration. Each frame is 170 �m wide by 125 �m tall.
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��t� = 
�Dtp , �6�

where D is the substrate thermal diffusivity. The relationship
between Jth and tp is given by

Jth =
Tth	C



�
�Dtp + �0� =

Tth	C



���t� + �0	 , �7�

where 
 is the fraction of light absorbed and 	 and C are the
density and heat capacity of the substrate. In Eq. (7) we have
ignored minor corrections resulting from differing thermal
properties of the absorber and substrate.9

Equation (7) can be used to distinguish two regimes.
With shorter duration pulses, ��tp���0, so thermal diffu-
sion is unimportant and heating is adiabatic. In this regime
Jth is independent of tp. At all pulse durations in this regime,
the same incident fluence is needed to heat the absorber to
Tth. With longer duration pulses, ��tp���0, so during the
pulse a significant amount of heat is conducted away from
the absorber. In this regime Jth increases as �tp�1/2. In this
regime more fluence is needed to heat the absorber to Tth as
the pulse duration is increased. As indicated by Figs. 15(a)
and 15(b) and Eq. (7), the boundary between regimes is at
the value of tp where ��tp� is about equal to �0.

The thermal diffusivity9 of a PET substrate D�2
�10−3 cm2 /s. Using Eqs. (6) and (7), we can show that
��tp�=�0 when tp �1.5 ns for the 30 nm absorber used in
the TF/A media or when tp �1.5 �s for the 1 �m thick
absorber used in the V/A and V/A/E media. Figure 15(c) is a
computed plot of Jth (in units of Tth	C) versus tp for a
30 nm absorber and a 1 �m absorber. For the V/A and
V/A/E media, Jth decreases only gradually below about 1 �s,
but with the TF/A media, Jth decreases considerably between
2.5 �s and 100 ns. Thus even though in the microsecond

regime the TF/A media has the highest Jth, the threshold
keeps decreasing at times below 1 �s so that at 100 ns these
media become the most sensitive.

DOT GAIN EFFECTS
Dot gain greater than unity refers to imaged spots that are
larger in diameter than expected on the basis of the local
fluence model. Dot gain should not be viewed as causing an
undesirable loss of image resolution, but rather as a desirable
increase in sensitivity. With predictable dot gain the point of
maximum efficiency moves, but the overall efficiency in-
creases. A laser imaging engine can be designed with appro-
priate optical elements to focus the laser to the spot size that
gives the desired resolution taking into account the dot gain,
but a given area will be imaged with less laser energy.

Dot gain is best understood by considering the plots of
imaged area S vs Ep in Fig. 5. Dot gain results in a slope
increase, most prominently with nanosecond pulses and the
V/A or V/A/E media. The effects of dot gain are minimal
near threshold, but these effects increase with increasing en-
ergy above threshold. For instance, compare the measured
response of the V/A/E media with 100 ns pulses to the re-
sponse predicted by the local fluence model (dashed line in
Fig. 5). When the pulse energy is 2.7 times above threshold,
the actual imaged area is about twice the value in the local
threshold model. In other words the dot gain process here
results in an effective threshold lowering of about a factor of
two.

Dot gain results from a breakdown of local fluence be-
havior. As indicated in Fig. 1(a), with Gaussian profile pulses
a great deal of energy at the beam center is wasted energy.
Any process that transmits this energy from the center out-
ward to where it is needed can increase the efficiency of the
imaging process and increase the dot gain. With this back-
ground we can identify some strategies to increase the dot
gain:

1. Light scattering. Substrate materials with high dif-
fuse reflectivity will scatter the laser energy transmit-
ted through the absorber outward from the beam
center.16

2. Thermal conduction. With longer duration pulses,
media design that improves thermal conduction in
the plane of the absorber and hinders thermal con-
duction into the substrate will redistribute the heat
in the absorber outward from the beam center.

3. Force transmission. With shorter duration pulses
when ablation becomes important, confining the ab-
lated material under a tough outer layer can transmit
forces from the beam center to the edges.10

The materials studied here become imaged when the
PDMS coating loses adhesion to the absorber layer. A violent
expansion of the PDMS balloon, as seen in Figs. 11 and 14
causes the PDMS layer to pull away from the absorber at the
edges.10 The mechanism of dot gain in this case results from
force transmission. Additional forces exerted on the perim-
eter by excess hot gas at the beam center help expand the

Figure 15. Effects of thermal conduction in �a� imaging media with thin-
ner absorber layer and �b� media with thicker absorber layer. Thermal
conduction during a pulse of duration tp becomes significant when the
thermal diffusion length ��tp� is comparable to the layer thickness �0. �c�
Calculated dependence of imaging threshold Jth on pulse duration tp for
media with a thinner 30 nm absorber and a thicker 1 �m absorber. With
the thinner absorber, Jth decreases much more below tp=1 �s. Vertical
dotted lines indicate the pulse durations used in the experiments.
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imaged spot. Separation, peeling, or tearing process often
depend not only on the applied force but also on the rate of
force application. With nanosecond pulses the rate of bal-
loon expansion is about ten times greater than with micro-
second pulses.

The dot gain is smaller with the TF/A media because
there is less hot gas. The hot gas results primarily from ther-
mal decomposition of the PDMS layer at the absorber inter-
face. Once the PDMS pulls away from the absorber, gas gen-
eration stops. With the V/A and V/A/E media the
nitrocellulose and acrylic components provide additional
sources of gas. Even after the PDMS layer loses adhesion, gas
will continue to evolve from these materials. The effects of
the nitrocellulose binder appear to be greater than the acrylic
underlayer, since there are more dramatic effects in moving
from the TF/A media to the V/A media than in moving from
the V/A to the V/A/E media.

CONCLUSION
In this paper, we studied the fundamental mechanisms of
laser photothermal imaging through a combination of tech-
niques that involved measuring exposure thresholds over a
wide range of pulse intensities and pulse durations, and ob-
serving the exposure process in real time with time-resolved
microscopy in several different observational formats. The
results of the threshold measurements are compared to two
theoretical models. A local fluence model is used to evaluate
the response to Gaussian profile laser beams at a given pulse
duration, and a thermal conduction model is used to evalu-
ate the response to changing pulse durations. Deviations
from the local fluence model that lead to desirable dot gain
properties are identified and the underlying mechanism is
revealed from the microscopy experiments.

Some useful findings emerge from this work that can be
used to help optimize the design of photothermal imaging
materials. Thicker gas-evolving absorber layers appear to be
more sensitive than thin-film metallic layers for longer-
duration pulses, but with higher intensity lasers that can
expose media with shorter duration pulses, the thin-film lay-
ers are the best. Desirable dot gain can be realized with a
variety of designs, and here the force-transmission mecha-
nism is dominant.
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